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Abstract
We derive constraints from standard (with Nν = 3) BBN arising solely from two cos-
mologically produced nuclides, 4He and 7Li, from which the extrapolation to primordial
abundances is straightforward. The abundances of D and 3He are at present only inferred
from their solar and local interstellar medium values using models of galactic chemical evo-
lution. However, our knowledge of chemical evolution suffers from large uncertainties, and
so it is of use to take an approach which minimizes the reliance on chemical evolution in
determining the consistency of BBN. Using only the data on 4He and 7Li, and reasonable
estimates of possible systematic errors in their abundance determinations, concordance is
found if the baryon-to-photon ratio lies in the range 1.4 < 1010η < 3.8 (95% CL). The 4He
and 7Li abundances are also used to predict the primordial abundances D and 3He, which
provides an initial condition for their chemical evolution.
The consistency of big bang nucleosynthesis (hereafter BBN) is of major importance to
standard cosmology, as BBN tests the big bang at the earliest epoch accessible thus far
[1]. While BBN theory is well-understood, determining its consistency with the data is
difficult because the observables are not the primordial abundances themselves, but rather
present-day or solar abundances. We have, at present, only local and recent measurements
from which we must infer the primordial light element abundances. Such an extrapolation
falls within the domain of chemical evolution, a discipline fraught with its own difficulties
and uncertainties. In this paper, we will seek to minimize the use of chemical evolution in
determining the viability of BBN, and indeed we will turn the problem around and offer
BBN results as constraints on chemical evolution models.
For clarity, we explicitly distinguish the three features inherent to “BBN” and required
in evaluating its consistency. (1) Theory, i.e., the calculation of light element abundances
as a function of the baryon-to-photon ratio nB/nγ ≡ η. We will consider here only the
standard model of big bang nucleosynthesis with three massless neutrinos, Nν = 3; with
Nν fixed, η is the only free parameter. The calculation proceeds from first principles and is
well understood; its uncertainties are those due to nuclear cross sections measured in the lab
and so admit the usual error analysis techniques. This has led to monte carlo calculations
of the big bang abundances [2] - [5], all of which are in good agreement. (2) Data, i.e.,
the observed light element abundances in stars, or in galactic and extragalactic gas. The
observations have varying degrees of statistical uncertainty, but the more serious problem is
that the systematic uncertainties, while hard to determine, could well dominate the error in
the data. (3) Chemical evolution, which accounts for galactic nucleosynthesis processing in
the observed abundances and so allows extrapolation to the primordial abundances needed to
test the theory. Beyond a set of general principles, chemical evolution is very uncertain in its
details, and we are lacking as yet a first-principles theory, relying rather on a simplified (yet
in some aspects, surprisingly successful) model, which itself has many uncertain parameters
(see e.g. [6]). Notice that BBN is an empirically testable theory only with all three features,
in particular, only with the introduction, at some level, of chemical evolution.
Given that the detailed predictions of chemical evolution have questionable reliability and
accuracy, and also given the need to include chemical evolution in the evaluation of BBN,
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several approaches suggest themselves. One is to try to find the most generic (and hopefully
model-independent) predictions of chemical evolution, either by using the best available
parameterizations and examining the range in which they may vary [7] - [9], or by making
a simple parameterization of the basic predictions as relevant to BBN [10] - [12]. Such an
approach makes all four light element species available to test BBN, and so can provide a
powerful test of the theory as the (one-parameter) predictions are strongly over-constrained.
However, such an approach must always be subject to criticisms of the chemical evolution
procedure used, particularly for elements for which the effects of evolution are large.
Another means of addressing the role of chemical evolution uncertainties in evaluating
BBN—and the approach we will take—is to see what conclusions one can reach with a
minimal reliance on chemical evolution. To do so, we first note that the different light
nuclides have very different degrees of galactic evolution. Specifically, to infer the primordial
abundances of 4He and 7Li involves only an appeal to the most general principles of chemical
evolution (namely the increase of metal abundances with time) while to determine D and 3He
evolution relies on calculations that are much more detailed (and thus much more model-
dependent). Consequently, for the purposes of evaluating BBN, we will restrict ourselves to
just the abundances of 4He and 7Li; note that these two abundances alone are enough to test
the one-parameter, standard BBN theory. We will thus see if there is a concordant range in
η for current best estimates of primordial 4He and 7Li, and indeed we find one. Then we set
confidence limits on BBN predictions for primordial D and 3He, which then serve as inputs
for chemical evolution models.
Our approach to obtaining bounds on η is clearly different from previous ones. In par-
ticular, the lower bound on η was first established using the combination of D + 3He in [13].
This argument, which is based on the fact 3He is not totally destroyed in stars, was used
and/or improved upon in later work [1, 11, 12]. It has been argued [11] that the lower bound
on η is now large enough to indicate a potential inconsistency in BBN. Indeed, when 3He
production in low mass stars is included [14], (this inclusion is implied by recent observations
of high 3He in planetary nebulae [15]) one is faced with an overproduction of 3He. As we
state below, we will not make any speculations on the source of the problem concerning 3He
here (see e.g. [16]). It is clear however, that the assumed primordial abundances of D and
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3He will be strongly dependent on models of chemical and stellar evolution. It is for this
reason, that we will perform our analysis independently of these two isotopes. Due to our
analysis based only on 4He and 7Li, our conclusions regarding the consistency range for η
are also different than in previous work. We will find that a lower value for η is preferred
and that overlap with other work occurs at about the 2σ level. In addition, our predicted
range for primordial D/H is correspondingly higher than in previous work.
This straightforward analysis is complicated by the need to consider the presence of sig-
nificant systematic errors in the 4He and 7Li abundances. While such errors are intrinsically
hard to quantify, they are likely to be present and could in fact dominate the error. We will
thus consider several possibilities for the size and distribution of the systematic errors, and
their possible combinations for the two elements.
The light elements are observed in disparate astrophysical sites, from old stars to galactic
as well as extragalctic gas. Questions of chemical evolution aside, the abundances themselves
are difficult to determine to the needed accuracy. Systematic errors can arise in the procedure
used to deduce an abundance from a line strength, and from the idealizations employed in
modeling the sites themselves. In the following we briefly review the situation for each light
nuclide, with attention to the possible systematic errors.
4He:
The 4He abundance is best determined from observations of HeII → HeI recombination
lines in extragalactic HII regions. There are extensive compilations of observed abundances
of 4He, as well as the abundances of N, and O, in many different low metallicity HII regions
[17]- [19]. The oxygen abundance in these regions ranges from one fifth to one fiftieth of
the solar oxygen abundance. However because 4He is produced in stars along with oxygen,
the primordial abundance of 4He can only be determined from an extrapolation of the data
to zero metallicity. Fortunately there is data at low metallicity which lends confidence to
such an extrapolation without the reliance of specific models of galactic chemical evolution
other than the assumption that both oxygen (as well as nitrogen) and 4He increase with
time due to their production in stars. In an extensive analysis, using the data of Pagel
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[17] and Skillman et al. [18], Olive and Steigman [20] derived a primordial abundance of
Yp = 0.232 ± 0.003. With the inclusion of the recent data of Izatov et al. [19], the best
estimate for the primordial 4He mass fraction becomes [21]
Yp = 0.234± 0.003± 0.005 (1)
where the first error in eq. (1) is purely statistical. The magnitude of the of the statistical
uncertainty is dominated by the large number of extragalactic HII regions observed (over 50)
while typical errors in any individual observation are of order 0.01. One of the best observed
HII region (and the one with the lowest metallicity), I Zw 18, has an average 4He abundance
[17, 22] of 0.229 ± 0.004. There are in addition several sources of systematic uncertainties
due to ionization corrections, collisional excitation, and the presence of neutral helium. The
cumulative uncertainty from these effects has been estimated to be of order 0.005 in the 4He
mass fraction [17, 18, 20] though it may be somewhat higher [23, 4].
7Li:
The primordial Li abundance is best determined from observations of old, extremely
metal poor (population II) halo stars. These stars are observed to have a constant Li/H
abundance (the “Spite plateau;” [24]) below a metallicity less than about 1/20 of solar,
i.e., [Fe/H] <∼ −1.3. Given that Fe must increase with time in the Galaxy, the constant
Li abundance for all low metallicities indicates that the Li is primordial. Notice that this
conclusion relies on chemical evolution only insofar as it is assumed that Fe increases with
time in the early Galaxy.
The pop II Li abundance is normally assumed to measure the primordial Li abundance;
and indeed Li has been measured in many such stars and so the average abundance can in
principle be determined to a high precision. For a given method of converting the raw ob-
servations to an abundance, the statistical errors are small. For an individual measurement,
a 7Li abundance typically carries an uncertainty of 0.1 - 0.2 dex in [Li] (7Li abundances are
normally quoted as logarithmic quantities so that [Li] = 12 + log Li/H). Again, due to the
large number of observations the mean value can be determined to within 0.02 dex. We will
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use the recent analysis of Molaro et al. [25] in our computations of BBN consistency. This
leads to a mean value [Li] = 2.21 ± 0.02 or
Li
H
= (1.6± 0.1)× 10−10 (2)
However, the overall accuracy of the observations suffers from two sources of systematic
error. First, the abundance determinations all depend on the model one adopts for the stellar
atmosphere; while different models (and different researchers!) get roughly the same answer
for the same stars, some discrepancies still remain. Thus we allow for a systematic error of
magnitude ∆ log10(Li/H) = 0.10 dex or ∆1 = ∆Li/H =
+.4
−.3 ×10−10. A second and potentially
more serious problem is that the Li may have been depleted over the long lifetimes of these
stars, and it has been argued that rotational mixing could lead to very large depletions [26].
While such models are hard to exclude, we note that the observations (to include recent
determinations of the 7Li/6Li ratio; [27], see also [28]) are well explained by non-rotational
models [29] which do not give a significant depletion. However, to be conservative, we will
examine the impact of allowing a Li depletion by a factor of 2. Indeed it is also possible that
some of the observed 7Li in halo stars is not primordial and was produced by cosmic-ray
nucleosynthesis. While consistency of cosmic-ray nucleosynthesis with the observations of
Be and B in the same halo stars restricts the amount of cosmic-ray produced lithium [30],
we can not be sure that some fraction of order 20% is not primordial. Thus we allow for a
second systematic error in 7Li which we take as ∆2 = ∆Li/H =
+1.6
−.3 ×10−10.
D and 3He:
We will not use D and 3He to constrain BBN, but we will compare BBN predictions with
the observed abundances to evaluate what chemical evolution models will have to do. The
observational data is well reviewed elsewhere (for a recent discussion see [16]); the upshot is
that solar abundances are (
D
H
)
⊙
= (2.6± 0.6± 1.4)× 10−5 (3)(
3He
H
)
⊙
= (1.5± 0.2± 0.3)× 10−5 (4)
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The interstellar medium (ISM) abundance for D is reported as [31](
D
H
)
ISM
=
(
1.6± 0.09+0.05
−0.10
)
× 10−5 (5)
however the error bar may be misleading, as recently reported preliminary measurements of
D in other lines of sight, with abundances as low as D/H ∼ 0.5× 10−5 [32]. Such variations
are surprising in light of chemical evolution predictions for the slow evolution of D, and
further suggest that chemical evolution predictions for this element are to be viewed with
caution. At any rate, D chemical evolution, while model-dependent in it details, has a clear
general trend: D decreases with time as D is only destroyed in Galactic processing. Thus
both the solar and the ISM abundances should be lower than the primordial abundance.
The ISM 3He abundances also show a large dispersion and are found in the range 3He/H
≃ 1− 5× 10−5 [33].
While chemical evolution models can in principle account for large destruction factors for
D/H over the age of the galaxy, the relative flatness of the 3He/H evolution is very difficult
to explain. Indeed, if we had confidence in the predictions of galactic chemical evolution one
would be able to constrain the primordial D abundance [5] and ultimately the consistency of
BBN [11]. Because stars in their pre-main-sequence stage convert D to 3He, a high primordial
D abundance usually leads to an increasing 3He over time and when 3He production in low
mass stars is included the problem becomes more acute [14]. In this case even dramatic
changes to standard models of chemical evolution fail, suggesting that perhaps part of the
problem lies in the stellar evolutionary predictions for 3He [16]. However as we stated at the
outset, here we will not make any assumptions regarding chemical (or stellar) evolution and
use only 4He and 7Li to test for consistency and therefore make predictions regarding the
primordial values of D and 3He.
Finally, a recent and very exciting development is the improvement of spectral resolution
in Lyman-α forest allows for the possibility to observe D at high-redshift QSO absorption
line systems. A solid D abundance for such systems would be of the utmost interest, as
these primitive systems have not suffered much evolution (though they do contain some
metals) and so will show a D abundance much nearer to its primordial value. Indeed, such
observations have already been reported, with initial published values being surprisingly
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high, with D/H ≃ 2× 10−4 [34]. However, with the report of a much lower abundance in a
different line of sight [35], the situation has become confused. We feel that this technique is
too new to provide a basis for an evaluation of BBN, but clearly this method may come to
provide a strong and clean test of BBN.
There is one unknown parameter in the standard model of big bang nucleosynthesis, the
baryon to photon ratio, η. For a given value of η, the only real uncertainty in the calculation
of the light element abundances comes from the uncertainties in the nuclear (and weak)
interaction rates employed. Thus one can obtain a distribution of abundances at each value
of η based on these uncertainties which we assume are Gaussian distributed. Here, we will
use1 the Monte Carlo results from Hata et al. [5]. We therefore have a likelihood distribution
(unnormalized) from the BBN calculation,
LBBN(Y, YBBN) = e
−(Y−YBBN(η))
2/2σ2
1 (6)
where YBBN(η) is the central value for the
4He mass fraction produced in the big bang, and
σ1 is the uncertainty in that value derived from the Monte Carlo calculations.
There is also a likelihood distribution based on the observations. In this case we have two
sources of errors as discussed above, a statistical uncertainty, σ2 and a systematic uncertainty,
σsys. For the most part we will assume that the systematic error is described by a top hat
distribution [5, 36]. The convolution of the top hat distribution and the Gaussian (to describe
the statistical errors in the observations) results in the difference of two error functions
LO(Y, YO) = erf
(
Y − YO + σsys√
2σ2
)
− erf
(
Y − YO − σsys√
2σ2
)
(7)
where in this case, YO is the observed (or observationally determined) value for the
4He
mass fraction. As there is some doubt as to how to treat the systematic uncertainty, we
have also derived the likelihood functions assuming that the systematic errors are Gaussian
distributed. In this case the convolution also leads to a Gaussian, with an error σ2 = σ22+σ
2
sys.
Finally we have also simply shifted the mean value YO by an amount ±σsys. In this case
1We thank Dave Thomas for his invaluable assistance here.
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LO is also a Gaussian with spread σ2. These functions were similarly derived for
7Li. The
asymmetric systematic errors in the top hat-Gaussian convolution are easily incorporated:
the error on the positive side is inserted in the right error function in (7) while the error on
the negative side is inserted in the left error function.
For 4He we constructed a total likelihood function for each value of η10 ≡ 1010η, convolv-
ing for each the theoretical and observational distributions
L
4He
total(η) =
∫
dY LBBN (Y, YBBN (η))LO(Y, YO) (8)
An analogous calculation was performed for 7Li.
Of course, each observable can individually be reconciled with the one-parameter theory.
However, when demanding that both observables be fit simultaneously, one tests the theory.
To do this, one examines the product of the individual likelihoods, L
4He
total(η)L
7Li
total(η);
this gives a quantitative measure of the goodness of fit and of the spread in the allowed
values in η10 (if there are any).
We first examine the case that we feel combines the most “standard” of assumptions,
namely: (1) 4He takes the central value Yp
0 = 0.234 as in eq. (1); (2) Li is not depleted
in Pop II stars, nor is produced it in any great quantity by cosmic-rays, i.e., we ignore the
second set of systematic errors ∆2; (3)
4He systematics are at the level ∆Ypsys = 0.005; (4)
the systematic errors are given by a flat (“top hat”) distribution. With these assumptions,
we have calculated the likelihoods for 4He and 7Li; results appear in figure 1. The shapes of
these curves are characteristic, with one peak for 4He, which rises monotonically with η, and
two for 7Li, which goes through a minimum. In this case (and most others) the minimum
theoretical Li is somewhat below most of the observational values and so the sides of the
minimum are favored, leading to the two peaks, i.e. for a given observational value of 7Li,
there are two values for η at which this may be achieved.
The combined likelihood, for fitting both elements simultaneously, is given by the product
of the two functions in figure 1, and is shown in figure 2. From figure 1 it is clear that 4He
overlaps the lower 7Li peak, and so one expects that there will be concordance, in an allowed
range of η given by the overlap region. This is what one finds in figure 2, which does show
concordance, and gives an allowed (95% CL) range of 1.4 < η10 < 3.8. As we will really only
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be interested in the upper limit of this range we will from here on only quote the 95% CL
upper limit as being the upper limit of the entire range. Note that the likelihood functions
shown in figures 1 and 2 are not normalized to unity. The η dependendant normalization
has however been included. Any further normalization would have no effect on the predicted
range for η.
Thus, for this “standard” case, we find that the abundances of 4He and 7Li are consistent,
and select an η10 range which overlaps with (at the 95% CL) the longstanding favorite range
around η10 = 3. Further, by finding concordance (in this case) using only
4He and 7Li, we
deduce that if there is problem with BBN, it must arise from D and 3He and is thus tied
to chemical evolution. The most model-independent conclusion is that standard BBN with
Nν = 3 is not in jeopardy, but there may be problems with our detailed understanding of
D and particularly 3He chemical evolution.2 It is interesting to note that the central (and
strongly) peaked value of η10 determined from the combined
4He and7Li likelihoods is at
η10 = 1.8. The corresponding value of D/H is 1.8 ×10−4 very close to the value of D/H in
quasar absorbers in the published set of observations [34]. It is not clear whether this is a
coincidence or that we really have evidence that three of light element abundances point to
the same value of η10.
When we vary some of the values or assumptions concerning systematic errors, our 95%
CL range for η is somewhat affected. These results are summarized in the table below. Had
we used the central value of 4He as determined by Olive and Steigman [20], Yp = 0.232 (all
other assumptions held fixed) our 95% CL upper limit shifts down to η10 < 3.3. At this
point one should take note at the sensitivity of the upper limit on η to the 4He abundance.
As the size of the assumed systematic error for 4He is sometimes questioned [23, 4] we have
run our likelihood test for Yp = 0.234 ± 0.003 ± 0.010, i.e., we have doubled the assumed
systematic error (still treated as a top hat). In this case there is a broad overlap between
the likelihood functions for 4He and and both peaks for 7Li. There are now two peaks in the
product of the distributions at η10 = 1.8 and η10 = 3.6 the 95% CL upper limit increases to
2In fact, this conclusion is firm only if the predicted Dp satisfies the only unquestioned prediction of
chemical evolution, namely that D decrease with time and so Dp > D⊙. This is true for all of the low–η
regions we consider.
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η10 < 4.5.
Table 1: Limits on η
Yp ∆Ysys sys type
7Lisys η
min
10 η
max
10
.234± .003 .005 top hat ∆1 1.4 3.8
.232± .003 .005 top hat ∆1 1.3 3.3
.234± .003 .010 top hat ∆1 1.4 4.5
.234± .003 .005 Gaussian ∆1 1.3 4.4
.239± .003 .000 shift ∆1 1.7 4.4
.234± .003 .010 top hat ∆1 +∆2 1.2 3.8
If we return to our standard values and treat the systematic errors as if they were Gaussian
distributed, then there is again a broad overlap between the likelihood functions for 4He and
7Li though the two peaks (at η10 = 1.8 and η10 = 3.3) in the product distribution overlap.
The 95% CL upper limit to η is now η10 < 4.4. One can also imagine the systematic errors
amounting to a shift to the central value by σsys. For
4He, we apply this shift upwards
and take Yp = 0.239± 0.003. For 7Li, our results are sensitive to the direction we shift the
central value. When a shift by 4× 10−11 is added to the 7Li central value (making it 7Li/H
= 2.02 × 10−10) the 7Li peaks are split farther apart as this value of 7Li/H is obtained in
BBN calculations at either higher or lower values of η. There is now only a minimal overlap
between the likelihood functions of 4He (whose peak now sits between the two 7Li peaks)
and 7Li. The product of the likelihood functions now shows two separate peaks, however
because of the poor agreement between the two elements we discard this possibility and do
not include it in the table. In fact, this disagreement can be quantified by taking the product
of the normalized likelihood functions. The (very) low value of the product relative to the
other cases we consider would be such a signal. If instead we apply a downward shift of
3× 10−11 in 7Li, there is substantially more overlap and the 95% CL upper limit to η is 3.9.
When no shift is applied to 7Li, there is still a reasonable amount of overlap and there are
still two peaks in the product distribution at η10 = 2.0 an 3.5, and the upper limit is now
η10 < 4.4. It is this case that appears in the table.
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Finally, we consider the possibility that the errors in 7Li are in fact larger than assumed
above, due to either stellar depletion or cosmic-ray production of 7Li. In this case, as the
systematic errors are treated as top hat distributions, the asymmetric uncertainties in 7Li
effectively shift upward the central value (cf. eq.(7)). This causes the two peaks in the 7Li
likelihood distribution to move apart, as we have seen above. The 4He likelihood distributions
is now almost entirely under the low η peak of the 7Li distribution. The result is an upper
limit, η10 < 3.8. The peak of the product distribution is at η10 = 1.7. In general we found
that, contrary to the na¨ıve expectation, when the 7Li uncertainties increase substantially
(when the effects of depletion are allowed for) the range for BBN consistency actually shrinks
rather than expands.
Having found the allowed range of η, we now turn to the predictions for primordial D
and 3He. Since D and 3He are monotonic functions of η, a prediction for η, based on 4He and
7Li, can be turned into a prediction for D and 3He. In figure 3, we show the abundances of
D and 3He as a function of η10 along with the one σ uncertainty in the calculations from the
Monte Carlo results of [5]. We also show by a set of rectangles the 68% (dashed) and 95% CL
(dotted) ranges for D and 3He as given by our likelihood analysis above. The corresponding
95% CL ranges are D/H = (5.5 − 27) × 10−5 and and 3He/H = (1.4 − 2.7) × 10−5. Again,
any potential inconsistency with BBN must be related to D and 3He and thus from our more
detailed understanding (or lack thereof) of chemical (or stellar) evolution.
We would like to stress that in essentially all of the cases we considered (with the possible
exception of shifting up the observed 4He abundance while at the same time shifting up the
7Li abundance) we found a broad region of concordance between the predictions of BBN and
the observations of 4He and 7Li. This region of concordance in what we deemed the most
standard case allowed values of η are as high as 3.8 at the 95% CL. We note that this region
overlaps with the one found in [11, 12] but that the overlap is in the “2 σ” error bars on each
side. More importantly, this upper limit as well as lower values of η can easily accommodate
the evolution of D [8, 14]. The main problem lies with 3He. Indeed, it was argued in [11] that
a high value of η corresponding to a relatively low value of D/H was necessary to account
for the evolution of 3He. However, when the effects of 3He production in low mass stars is
included [14, 37, 38] even the most successful models of galactic chemical evolution fail to
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explain the observed abundances of 3He. Thus, as these models are not capable of explaining
the 3He abundances at high η, they can not be used as a constraint on BBN forbidding lower
values of η. We believe that the values derived here must ultimately be incorporated in any
model of chemical evolution.
Of all the light element abundances, 4He and 7Li are the least dependent on specific
models of galactic chemical evolution. In using the best observationally determined values for
these elements as well as simple assumptions concerning the treatment of systematic errors,
we have found concordance in the one parameter theory of standard big bang nucleosynthesis
with Nν = 3. Though our prediction for the primordial value for D/H is consistent with
chemical evolution models we know of no models at present which can account for the
evolution of 3He as implied by the observations of 3He. We also know of no “standard”
model which can account for the evolution of 3He at higher values of η (lower values of
D/H) when the production of 3He in low mass stars is included. Of course, if a firm value
for primordial D/H can be established from the observations of quasar absorption systems,
these predictions will tested.
We would like to thank Craig Copi, David Schramm, Gary Steigman, and for useful
discussions, and we are especially grateful to Dave Thomas for his help with the calculations
as well as helpful advice. This material is based upon work supported by the North Atlantic
Treaty Organization under a Grant awarded in 1994. This work was supported in part by
DOE grant DE-FG02-94ER40823.
References
[1] T.P. Walker, G. Steigman, D.N. Schramm, K.A. Olive and K. Kang, Ap. J. 376 (1991)
51.
[2] L.M. Krauss and P. Romanelli, ApJ, 358 (1990) 47; P.J. Kernan and L.M. Krauss, Phys.
Rev. Lett. 72 (1994) 3309; L.M. Krauss and P.J. Kernan, Phys. Lett. B347 (1995) 347.
[3] M. Smith, L. Kawano, and R.A. Malaney, Ap.J. Supp., 85 (1993) 219.
12
[4] C.J. Copi, D.N. Schramm, and M.S. Turner, Science, 267 (1995) 192.
[5] N. Hata, R.J. Scherrer, G. Steigman, D. Thomas, and T.P. Walker, astro-ph/9412087,
(1994).
[6] B.M. Tinsley, Fund Cosm Phys, 5 (1980) 287
[7] G. Steigman and M. Tosi, Ap.J. 401 (1992) 15.
[8] E. Vangioni-Flam, K.A. Olive, and N. Prantzos, Ap.J. 427 (1994) 618.
[9] B.D. Fields, ApJ (1995) in press.
[10] G. Steigman and M. Tosi, Ap.J. (1995) in press.
[11] N. Hata, R. J. Scherrer, G. Steigman, D. Thomas, T. P. Walker, S. Bludman and P.
Langacker, hep-ph/9505319 (1995).
[12] C.J. Copi, D.N. Schramm, and M.S. Turner, Ap.J.L., (1995) submitted; C.J. Copi, D.N.
Schramm, and M.S. Turner, Phys. Rev. Lett., (1995) submitted
[13] J. Yang, M.S. Turner, G. Steigman, D.N. Schramm, and K.A. Olive, Ap.J. 281 (1984)
493.
[14] K.A. Olive, R.T. Rood, D.N. Schramm, J.W. Truran, and E. Vangioni-Flam, Ap.J. 444
(1995) 680.
[15] Rood, R.T., Bania, T.M., & Wilson, T.L. Nature 355 (1992) 618; Rood, R.T., Bania,
T.M., Wilson, T.L., & Bania, D.S. 1995, in the Light Element Abundances, Proceedings
of the ESO/EIPC Workshop, ed. P. Crane, (Berlin:Springer), p. 201
[16] S.T. Scully, M. Casse´, K.A. Olive, D.N. Schramm, J.W. Truran, and E. Vangioni-Flam,
astro-ph/0508086, Ap.J. (1995) in press.
[17] B.E.J. Pagel, E.A. Simonson, R.J. Terlevich and M. Edmunds, MNRAS 255 (1992)
325.
13
[18] E. Skillman et al., Ap.J. Lett. (in preparation) 1995.
[19] Y.I. Izatov, T.X. Thuan, and V.A. Lipovetsky, Ap.J. 435 435 (1994) 647.
[20] K.A. Olive and G. Steigman, Ap.J. Supp. 97 (1995) 49.
[21] K.A. Olive, and S.T. Scully, IJMPA (1995) in press.
[22] E.D. Skillman and R.C. Kennicutt, Ap.J. 411 (1995) 655.
[23] D. Sasselov and D. Goldwirth, Ap.J. 444 (1995) L5.
[24] F. Spite, and M. Spite, A.A. 115 (1982) 357.
[25] P. Molaro, F. Primas, and P. Bonifacio, A.A. 295 (1995) L47.
[26] M.H. Pinsonneault, C.P. Deliyannis, and P. Demarque, Ap.J. Supp. 78 (1992) 179.
[27] V.V. Smith, D.L. Lambert, and P.E. Nissen, Ap.J. 408 (1992) 262; L. Hobbs, and J.
Thorburn, Ap.J. 428 (1994) L25.
[28] G. Steigman, B. Fields, K.A. Olive, D.N. Schramm, and T.P. Walker, Ap.J. 415 (1993)
L35.
[29] C.P. Deliyannis, P. Demarque, and S.D. Kawaler, Ap.J. Supp. 73 (1990) 21.
[30] T.P. Walker, G. Steigman, D.N. Schramm, K.A. Olive and B. Fields, Ap.J. 413 (1993)
562.
[31] J.L. Linsky, et al., Ap.J. 402 (1993) 694; J.L. Linsky, et al., Ap.J. (1995) in press.
[32] J. Linsky, talk at Aspen Center for Physics Workshop on Primordial Nucleosynthesis,
(1995).
[33] D.S. Balser, T.M. Bania, C.J. Brockway, R.T. Rood, and T.L. Wilson, Ap.J. 430 (1994)
667.
14
[34] R.F. Carswell, M. Rauch, R.J. Weymann, A.J. Cooke, J.K. Webb, MNRAS 268 (1994)
L1; A. Songaila, L.L. Cowie, C. Hogan, M. Rugers, Nature 368 (1994) 599.
[35] D. Tytler and X.-M. Fan, BAAS 26 (1995) 1424.
[36] K.A. Olive and G. Steigman, Phys. Lett. B354 (1995) 357.
[37] D. Galli, F. Palla, F. Ferrini, and U. Penco, Ap.J. 443 (1995) 536.
[38] M. Tosi, G. Steigman, and D.S.P. Dearborn, in The Light Element Abundances, Pro-
ceedings of the ESO/EIPC Workshop, ed. P. Crane, (Berlin:Springer, 1995) 228.
15
Figure Captions
1. Likelihood distribution for each of 4He and 7Li, shown as a function of η. The one-
peak structure of the 4He curve corresponds to its monotonic increase with η, while
the two-peaks for 7Li arise from its passing through a minimum.
2. Combined likelihood for simultaneously fitting 4He and 7Li, as a function of η.
3. D/H and 3He/H as a function of η10 from BBN along with the one σ uncertainty from
Monte Carlo calculations [5]. Also shown are the values (demarcated by rectangles) of
D/H and 3He/H consistent with 68% (dashed) and 95% CL (dotted) likelihood values
for η10.
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